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We report 77Se-nuclear magnetic resonance (NMR) results down to sufficiently low temperatures under
magnetic fields parallel to both the ab-plane and the c-axis in a paramagnetic/superconducting (PM/SC)
phase of KxFe2−ySe2. The observation of anisotropy in the orbital part of the Knight shift results in the
anisotropy of its spin part increasing on approaching the transition temperature. The anisotropy of the
Korringa relation suggests the presence of the weak spin fluctuations with a finite wave vector q, which
induce the magnetic fluctuations along the ab-plane at the Se site. Such fluctuations do not correspond
to the stripe (pi, 0) correlation of the Fe moment observed in many Fe-based superconductors, and are
not contradictory to weak (pi, pi) correlations. The nuclear spin-lattice relaxation rate 1/T1 shows a field-
independent T1T ∼ const. behavior at low temperatures for H ‖ ab, which is attributed to the nonzero
density of states at the Fermi level and can be explained by the sign-changing order parameter even for
nodeless gaps. The temperature dependence of 1/T1 is reproduced well by nodeless models with two isotropic
gaps or a single anisotropic gap. The obtained gap magnitude in the isotropic two-gap model is comparable
to those obtained in the angle-resolved photoemission spectroscopy experiments.
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1. Introduction
Fe-based superconductors contain various types of
compound, and superconductivity is commonly induced
at a two-dimensional layer including Fe. However, the
superconducting (SC) mechanism is not common even
in a nesting scenario owing to several selectivities in the
nesting vector in multi band systems.1 The alkali-doped
iron chalcogenide AxFe2−ySe2 (A = K, Rb, Cs, and Tl) is
noticed as an exceptional example of Fe-based supercon-
ductors.2 One important feature of this material is its dif-
ferent Fermi surface from other Fe-based systems. Angle-
resolved photoemission spectroscopy (ARPES) studies
have shown that hole pockets at the Γ point almost disap-
pear,3, 4 therefore it is suggested that the nesting vector
is not a stripe (pi, 0) but a checkerboard (pi, pi). As for the
SC gap symmetry, the same s± wave as those of other Fe-
based superconductors is excluded in this Fermi surface,
and theoretically a nodeless d-wave, a nodal d-wave, and
an s-wave have been proposed by different approaches
in a magnetically mediated scenario.5–12 On the other
hand, the s++-wave symmetry has been proposed in an
orbital-fluctuation scenario.8 Experimentally, the node-
less gap has been suggested by several experiments.3, 4, 13
Another feature of this material is the presence of an an-
tiferromagnetic (AF) phase with a high transition tem-
perature, and the phase segregation between a param-
agnetic (PM) phase and an AF phase.14–17 Many exper-
imental results suggest that the PM phase is a minor
phase compared with the major AF phase.15–17 There-
fore, microscopic measurements such as NMR are effec-
∗E-mail address: kotegawa@crystal.kobe-u.ac.jp
tive for obtaining information on different phases sepa-
rately. Earlier NMR results on the PM/SC phase have
been in accord on the point that spin fluctuations are
weak in KxFe2−ySe2 because the nuclear spin-lattice re-
laxation rate 1/T1 is not enhanced with decreasing tem-
perature.18–20 We have reported that weak AF fluctua-
tions are enhanced towards low temperatures; however,
the evaluation of the anisotropy of the fluctuations was
insufficient. As for the SC gap symmetry, 1/T1 in the
SC state has been measured; however, it was difficult to
give a conclusive remark owing to absence of the field
dependence of 1/T1.
18, 19 In this study, we reexamined
77Se-NMR down to a sufficiently low temperature of 1.6
K under magnetic fields parallel to both the ab-plane and
the c-axis, and also their field dependences. We discuss
the character of spin fluctuations and the SC gap sym-
metry from NMR results in KxFe2−ySe2.
2. Experimental Procedure
A single-crystalline sample with Tc = 32 K was pre-
pared as described elsewhere.21 77Se-NMR (the nuclear
spin of I = 1/2) measurement was performed using a
standard spin-echo method under magnetic fields along
the ab-plane and c-axis (H = 5 T and 9 T). Knight shift
was obtained using a gyromagnetic ratio of γn = 8.13
MHz/T, which is different from that used by other
groups,18, 20 giving an inconsistency in the absolute value
of the Knight shift; however, it has no effect on the anal-
ysis using the spin part of the Knight shift discussed in
this paper. The nuclear spin-lattice relaxation rate 1/T1
was obtained by fitting the recovery curve to the single
exponential function in the normal state. In the SC state,
1
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we omitted a small amount of fast relaxation arising from
the vortex core during the fitting.
3. Experimental Results and Discussions
3.1 Magnetic anisotropy and spin fluctuations
Figure 1 shows the 77Se-NMR spectra measured for
H ‖ ab and H ‖ c. The NMR line width is sensitive to the
random deficiency in ions;22 however, that of KxFe2−ySe2
is comparable to that of stoichiometric FeSe1.01 in spite
of the larger Knight shift in KxFe2−ySe2.
23 Therefore,
no distinct randomness of the crystal is confirmed in the
PM/SC phase. The spectrum for H ‖ ab is split into
two peaks at high temperatures owing to the difference
in hyperfine coupling constant (Aab), as reported previ-
ously.20 This suggests the existence of two inequivalent
Se sites, whose Aab’s are different by ∼ 8%. In the case
of the
√
5 × √5 superstructure with an Fe vacancy or-
der,14 the Se sites are divided into two sites, however
each ratio is 1:4. The present and previous experiments
consistently show that the ratio is 1:1, independent of
the sample, which does not correspond to the
√
5 × √5
superstructure. The ratio of 1:1 is rather consistent with
the
√
2 × √2 superstructure.24–26 If the superstructure
has a
√
2 × √2 unit cell with respect to the original Se
lattice without an Fe vacancy order, as shown in the fig-
ure, the Se sites are divided into two inequivalent sites
of 1:1.26
Fe Se1 Se2
Fig. 1. (color online) 77Se-NMR spectrum attributed to the
PM/SC phase for H ‖ ab (∼ 8.995 T) and H ‖ c (∼ 4.995 T).
At 200 K, the signal is composed of two Se sites. At low temper-
atures, the spectra for H ‖ ab and H ‖ c are observed at different
positions, indicative of the anisotropy of the orbital part of the
Knight shift. The red dotted line in the crystal structure indicates
the
√
2×√2 superstructure with respect to the original Se lattice,
which is a possible explanation of the two inequivalent Se sites.
The spectra for H ‖ ab and H ‖ c are observed at al-
most the same position at 32 K just above Tc; however,
they are observed at different positions at low tempera-
tures well below Tc. We estimated the Knight shift from
the peak position in the SC state, because the spectrum
broadens asymmetrically owing to the presence of the
vortex. At high temperatures for H ‖ ab, the Knight
shift was determined by the center of the two peaks.
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Fig. 2. (color online) Temperature dependences of (a) Knight
shift and (b) spin part Ks for H ‖ ab and H ‖ c. Ks becomes
anisotropic with decreasing temperature. The inset shows normal-
ized Ks(T ) in the SC state.
Figure 2(a) shows the temperature dependences of the
Knight shift for H ‖ ab and H ‖ c. The Knight shift is
composed of the temperature-dependent spin partKs(T )
and the temperature-independent orbital (chemical) part
Korb. The temperature dependence of the Knight shift
has already been reported,18–20 but we newly observed
the Knight shift for both fields down to low tempera-
tures well below Tc. It is apparent that the Knight shift
is anisotropic well below Tc. We evaluated Korb from the
extrapolation toward T = 0 while taking into account
of a residual density of state of 6%, which is estimated
from 1/T1, as mentioned below. Each orbital part is es-
timated to be Kaborb = 0.018% and K
c
orb = −0.045%.
The temperature dependences of Ks, which is obtained
by subtracting Korb from the total Knight shift, are dis-
played in Fig. 2(b). Kcs at Tc is estimated to be ∼ 0.14%,
which is in good agreement with the previous report
measured at 8.3 T.20 Ks is isotropic at high tempera-
tures; however, the anisotropy is induced with decreas-
ing temperature. Since Kis = Aiχ
i(q = 0, ω = 0) (i =
ab or c), the spin susceptibility χ(0, 0) along the ab-
plane is strongly suppressed with decreasing tempera-
ture. The anisotropy Kcs/K
ab
s ∼ 1.45 at Tc is opposite to
the As sites in BaFe2As2, SrFe2As2, and LaFeAs(O,F),
where both Kcs/K
ab
s and χ
c/χab are less than 1.27–29
Kcs/K
ab
s > 1 is observed at the Te site in Fe(Te,Se).
30
These differences are conjectured to be induced by the
difference between the magnetic properties and/or the
hybridizations of Fe-As and Fe-Se(Te).
Figure 3(a) shows the temperature dependences of
1/T1T for H ‖ ab and H ‖ c. We cannot observe
anisotropy in 1/T1T , consistent with a previous re-
port.18 General relations for 1/T1T and Ks are given
2
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Fig. 3. (color online) (a) Temperature dependences of 1/T1T for
H ‖ ab and H ‖ c. The inset shows R ≡ (1/T1T )H‖ab/(1/T1T )H‖c.
The dotted line is obtained by the least-squares method. (b) Tem-
perature dependences of Korringa ratio K for each direction. The
anisotropy of K is enhanced with decreasing temperature.
as 1/T1T ∝
∑
q |Aq|2χ”⊥(q, ωn) and Kis = Aiχi(0, 0),
where Aq is a q-dependent hyperfine coupling constant.
From these relations, the inconsistency between R ≡
(1/T1T )H‖ab/(1/T1T )H‖c ∼ 1 and Kcs/Kabs = 1.45 im-
plies that χ”(q 6= 0, ω ∼ 0) is anisotropic at low temper-
atures. We obtained the Korringa ratio taking anisotropy
into account as follows:
K
i =
(
1
T1T
)i (
1
Kis
)2
~
4pikB
γ2e
γ2n
(i = ab or c), (1)
where (1/T1T )
ab = (1/T1T )H‖c and (1/T1T )
c =
2(1/T1T )H‖ab − (1/T1T )H‖c obtained from 1/T1T ∝∑
q |Aq|2χ”⊥(q, ωn). If K increases with decreasing tem-
perature, this means that spin fluctuations at q 6= 0 are
developing. Figure 3(b) shows the temperature depen-
dence of the Korringa ratio K i (i = ab and c). The
temperature dependence of K c is weak; however, K ab
increases toward Tc, thereby suggesting that q 6= 0 spin
fluctuations survive at low temperatures in spite of the
strong suppression of the spin susceptibility χ(0, 0). K ab
is almost the same as that in our previous report,19 but
Korringa relations reported by other groups rather cor-
respond to K c.18, 20 The anisotropy of K i suggests that
the magnetic fluctuations along the ab-plane are induced
at the Se site.
The temperature dependence of R ≡
(1/T1T )H‖ab/(1/T1T )H‖c is shown in the inset of
Fig. 3(a). In some Fe-based superconductors, R ∼ 1.5
is observed to originate from the stripe (pi, 0) fluctu-
ation.27–29, 31 In KxFe2−ySe2, R is almost 1 in a wide
temperature range. The internal field at the Se site in-
duced by four neighboring Fe moments connects to each
Fe-spin component Si via the hyperfine coupling ten-
sor as follows, while neglecting the in-plane anisotropy:27
For Q = 0,
HSehf = A˜S =

 Aab 0 00 Aab 0
0 0 Ac



 SabSab
Sc

 . (2)
For, Q = (pi, 0) or (0, pi)
HSehf = A˜S =

 0 0 B10 0 B2
B1 B2 0



 SabSab
Sc

 . (3)
For Q = (pi, pi),
HSehf = A˜S =

 0 C 0C 0 0
0 0 0



 SabSab
Sc

 . (4)
Here, the diagonal parts correspond to the local Q = 0
arrangement, and B1,2 [C] corresponds to the stripe
Q = (pi, 0) or (0, pi) [checkerboard Q = (pi, pi)] arrange-
ments. If the Fe-spin component is fluctuating with a
specific correlation as Si(q, ω), it induces magnetic fluc-
tuations at the Se site via this hyperfine coupling tensor.
For instance, in the (pi, 0) correlation, Sab(Q, ω) induces
a magnetic fluctuation along the c-axis at the Se site,
and Sc(Q, ω) induces the fluctuation along the ab plane.
In most Fe-based superconductors possessing the (pi, 0)
correlation, Sab(Q, ωn) ≥ Sc(Q, ω) has been confirmed,
which induces a stronger fluctuation along the c-axis at
the Se site, however, K ab > K c in KxFe2−ySe2 does not
match this situation. In the checkerboard (pi, pi) correla-
tion, it can induce a magnetic fluctuation along the ab-
plane at the Se site, as seen in the hyperfine coupling ten-
sor, while the fluctuation along the c-axis vanishes owing
to the cancellation of the contribution from four neigh-
boring Fe moments. This is consistent with the weak
temperature dependence of K c, and a rather remark-
able development of K ab. We can obtain the anisotropy
of 1/T1 from the contributions of the neighboring four
Fe sites.28, 29
Rq=0 = 0.5 + 0.5
(
AcSc(0, ωn)
AabSab(0, ωn)
)2
(5)
∼ 0.5 + 0.5
(
Kcs
Kabs
)2
= 1.55, (6)
Rstripe = 0.5 +
(
Sab(Q, ωn)
Sc(Q, ωn)
)2
∼ 1.5, (7)
Rcheck = 0.5. (8)
The first case originates in the diagonal part of the hyper-
fine tensor, which is treated as an uncorrelated one if q
is not identified,29 but here we restrict the q = 0 compo-
nent. If we use AiSi(0, ωn) ∼ Kis and Kcs/Kabs = 1.45, we
obtain Rq=0 ∼ 1.55. In the case of the Q = (pi, 0) correla-
tion, Rstripe becomes 1.5 by assuming Sab(ωn) = Sc(ωn).
In the case of the Q = (pi, pi) correlation, Rcheck becomes
0.5. The above values should be observed in typical cases
3
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where correlations are strongly developing at a specific
Q. R ∼ 1 in KxFe1−ySe2 indicates that spin fluctua-
tions, at least in the low-frequency part, are not occu-
pied strongly by the above-mentioned wave vector. How-
ever, if correlations are moderate, the observed values
would be intermediate ones. For instance, Rq=0 ∼ 1.55
requires Rq 6=0 < 1 for realizing the observed R ∼ 1 for
q-summation, which gives no contradiction to the pres-
ence of weak (pi, pi) correlations. Another possible expla-
nation of R ∼ 1 may be the (pi, pi/2) correlation reported
on the basis of an inelastic neutron scattering.32 In this
correlation, the local arrangement of four Fe moments
is a repetition of (pi, 0) and (pi, pi), which suppresses the
anisotropy of 1/T1 and reproduces R ∼ 1.
3.2 Superconducting gap symmetry
0.1 1
1E-3
0.01
0.1
1
0.0 0.5 1.0 1.5 2.0
0.0
0.1
0.2
0.3
0.4
1/
T 1
T 
(s
-1
K
-1
)
 
 
T / T
c
T
c
    H // c
 9 T
 5 T
    H // ab
 9 T
 5 T
1/
T 1
T 
(s
-1
K
-1
)
 
 
T / T
c
Fig. 4. (color online) Temperature dependences of 1/T1T to
show field-direction dependence. The small additional contribu-
tion was observed at low temperatures for H ‖ c. The inset shows
the same data in the linear plot. The dotted lines indicate the
1/T1 ∝ T 2 dependence.
Next, we move on to the relaxation in the SC state.
1/T1 well below Tc has been studied using a powdered
sample18 and a single crystal for H ‖ ab in our measure-
ment.19 Our previous measurement has not been satis-
factorily performed down to low temperatures; however,
in this study, we measured T1 down to 1.6 K in both
field directions. Figure 4 shows the temperature depen-
dences of 1/T1T . 1/T1 for H ‖ c has an additional con-
tribution being distinct at low temperatures, although
this is not obvious in the linear plot [inset of Fig. 4] or
Knight shift [inset of Fig 2(b)]. This additional contri-
bution roughly obeys 1/T1 ∝ T 2, which is similar to the
observation in the powdered sample.18 Such anisotropic
behavior against H ‖ ab and H ‖ c in 1/T1 below Tc
has not been reported in other Fe-based superconduc-
tors such as (Ba,K)Fe2As2.
31 A small field dependence
implies that this contribution originates from the effect of
the vortex core or from the modification of the SC gap by
a magnetic field along the c-axis. On the other hand, we
should carefully consider an extrinsic contribution from
the phase segregated AF phase via the spin diffusion ef-
fect; however, it would be excluded because the observed
T1 ∼ const. behavior in the AF phase17 is not seen in
the present case. The reason for 1/T1 ∝ T 2 is not yet
clear at present; however, 1/T1T for H ‖ ab shows no
field dependence even down to the lowest temperature.
Thus, it is suggested that 1/T1T for H ‖ ab is dominated
by SC quasiparticles, and we applied some models on the
SC symmetry to the temperature dependence of 1/T1T
for H ‖ ab.
Figure 5 shows the temperature dependences of 1/T1
down to 1.6 K for H ‖ ab and the results calculated us-
ing several models. The field-independent T1T ∼ const.
behavior below ∼ 5 K indicates that it originates in the
nonzero density of states at the Fermi level. The esti-
mated density of states is ∼ 6% for that just above Tc.
Generally the presence of a nonzero density of states is
understood for impurity scattering for a nodal gap. How-
ever, it also can be accounted for by sign-changing node-
less gaps in the presence of impurity scattering.33–35
Some theoretical works addressing the SC gap sym-
metry have been performed based on the band structure
without a Fermi surface at the Γ point, and a nodeless d-
wave, a nodal d-wave, and an s-wave have been proposed
in a magnetically mediated scenario.5–12 In some node-
less models, the in-plane oscillation of the gap-magnitude
is proposed. Here we tried to use three models to re-
produce the temperature dependence of 1/T1 in the SC
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Fig. 5. (color online) Temperature dependences of 1/T1 to show
field dependence. A field-insensitive T1T ∼ const. behavior is ob-
served below ∼ 5 K for H ‖ ab, confirming the nonzero DOS at
the Fermi level. The red curve shows the result of a simulation us-
ing the nodeless isotropic two gaps, and the blue curve is obtained
using a nodeless anisotropic single gap. The green curve indicates
the nodal-gap model. Each parameter is given in Fig. 6.
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Isotropic two-gaps model; 
(nodeless)
∆1=3.8 kBTc, ∆2=1.6 kBTc
N1 / (N1+N2)=0.7, η=0.048∆1
 
Anisotropic single-gap model; 
(nodeless)
∆0=4.0 kBTc, C=0.8, η=0.036∆0
 
Nodal gap model;
(Polar-type with horizontal node);
 
∆0=5.5 kBTc, RDOS = 6 %  
Fig. 6. (color online) Energy dependence of density of states for
SC quasiparticles for three models. Each parameter was obtained
to reproduce the temperature dependence of 1/T1.
state. The curves in Fig. 5 are calculated simulations in
”Models A–C”. The normalized density of states near
the Fermi level for each model (N(E)/N0) is shown in
Fig. 6. The red curve (Model A) indicates the isotropic
two-gap model without the coherence effect. It basically
corresponds to the s±-wave model,36 but here the co-
herence effect is completely excluded. If the coherence
effect is not excluded completely by the interband mis-
match, a slightly large gaps are estimated.19 N1 and N2
correspond to the density of states for each band, and
η is a smearing factor due to impurity scattering. This
model can reproduce the data well using the parameters
shown in Fig. 6. The presence of η reproduces the nonzero
density of states at the Fermi level, which is associated
with T1T at low temperatures. The nonzero density of
states at the Fermi level can be explained for the sign-
changing order parameter,33–35 and the present η is com-
parable to those of some other Fe-based superconductors
with the isotropic multi gap.37, 38 The blue curve (Model
B) indicates the anisotropic single-gap model without a
coherence effect. The magnitude of the gap is given as
∆(φ) = ∆0(C cos(2φ)+(1−C)), and η is also introduced
as a smearing factor. This also reproduces the data well;
however, a large anisotropy of C = 0.8 is required. As a
nodal gap (Model C), we tentatively used a Polar model
with a horizontal line node corresponding to the theoreti-
cal suggestion,8, 9 and put the energy-independent resid-
ual density of states near the Fermi level, as shown in
Fig. 6. Sufficient reproduction is difficult in this model,
as shown by the green curve in the figure. In a typi-
cal line-node model, N(E) is proportional to E near the
Fermi level, which gives T 3 dependence of 1/T1. In the
presence of a residual density of states, 1/T1 shows a
gradual connection of the T 3 dependence to the T depen-
dence with decreasing temperature; however, this does
not match the experimental data. Such a temperature
dependence is common in a line-node gap independent
of the model, indicating that a single nodal gap with a
line node should be excluded. The two nodal gaps also
did not agree with the data. For Models A and B, the
identification of the SC gap symmetry is not easy from
the 1/T1 data; however, the results obtained using Model
A are almost consistent with the ARPES results,3, 39, 40
where two gaps with ∆1 ∼ 10 meV (= 3.6kBTc) and
∆2 ∼ 7 meV (= 2.5kBTc) are suggested to open at dif-
ferent Fermi pockets: the M and Z points. Xu et al. and
Wang et al. have observed the isotropic gap even in the
Fermi pocket at the Z point, discarding the d-wave sym-
metry, because the node is expected to be present there
in the d-wave symmetry.39, 40 Unfortunately, it was dif-
ficult from 1/T1 to distinguish whether or not the node
is present at a smaller gap in the presence of a larger
isotropic gap; however, the NMR result is compatible
with the multiple isotropic gaps suggested by ARPES.
4. Conclusions
In summary, NMR measurements in KxFe2−ySe2 were
performed down to sufficiently low temperatures for both
H ‖ ab and H ‖ c, and the magnetic characteristics and
SC property in the PM phase were investigated by an al-
most bulk-sensitive and phase-selective method. We con-
firmed that superconductivity occurs in the PM phase
whose crystal structure has two inequivalent Se sites,
consistent with another report. This may lead to require
the refinement of some theories. The anisotropic Kor-
ringa relation suggests the presence of a q 6= 0 spin fluc-
tuation that induces a magnetic fluctuation along the ab-
plane at the Se site. This anisotropy cannot be explained
by the stripe (pi, 0) correlation, and is not contradictory
to weak (pi, pi) correlation. The absence of a stripe (pi, 0)
correlation supports the Fermi surface without pockets
at the Γ point suggested by ARPES experiments. The
temperature dependence of 1/T1 is reproduced well by
the isotropic two-gap model with gap sizes similar to
those suggested by ARPES experiments. From an NMR
point of view, the absence of a coherence effect and the
presence of a nonzero density of states at the Fermi level
observed in 1/T1 suggest the sign-changing order param-
eter in KxFe2−ySe2.
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